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Abstract

Oligodendrocytes (OLs) are the myelinating cells of the central nervous system
(CNS) and myelinate the axons facilitating and boosting the propagation and
speed of nerve conduction. In addition, the OLs also provide metabolic support to
neurons and enhance their viability, regulate ion and water homeostasis and play
a crucial role in learning and memory via white matter (WM) plasticity. Loss of
myelin/demyelination is common in many demyelinating and neurodegenerative
disorders. The myelin loss may occur either due to direct damage to myelin sheath
or indirectly by disruption or death of OLs due to autoimmune attack, injury,
stroke and toxic insult or genetic defects involving intrinsic abnormalities in the
production and maintenance of myelin. Loss of OLs usually triggers a regenera-
tive remyelination causing the differentiation of OPCs into myelinating OLs and
restoration of the myelin sheath. However, the regeneration is poor in many
demyelinating disorders. Thus, enhancing remyelination strategies is of human
health importance and is under active research.
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1 Oligodendrocytes

Oligodendrocytes (OLs), the myelinating cells of the CNS, are found in all
vertebrates and are fundamental to myelin formation during development and critical
for myelin regeneration following injury and demyelinating diseases. Myelin
provides an evolutionary advantage in vertebrates by increasing axial resistance of
the axonal surface in addition to reducing its capacitance (Castelfranco and Hartline
2015) and contributes to the emergence of complex and plastic behaviours (Tomassy
et al. 2016). Oligodendrocytes are generated from neuroepithelial cells (NEPs) of the
neural tube through a well-concerted process of migration, proliferation and differ-
entiation (Davis and Temple 1994; Rogister et al. 1999; Bradl and Lassmann 2010).
The fate specification of the NEPs to oligodendrocyte precursor cells (OPCs) is
specifically regulated by the gradients of sonic hedgehog protein during early
embryogenesis (Orentas et al. 1999; Cai et al. 2005). A number of transcription
factors and epigenetic regulators, microRNAs and intracellular signalling pathways
are known to drive the lineage progression of OLs (Emery and Lu 2015; Galloway
and Moore 2016; Gaesser and Fyffe-Maricich 2016). Recent advances suggest the
role of neuronal activity in the origin, proliferation and differentiation of OPCs and
myelin remodelling (Barres and Raff 1993; Hughes et al. 2018). In the developing
CNS, not all the OPCs that are generated get differentiated into mature myelinating
glia; some undergo apoptosis as they fail to contact an appropriate axon, while others
form a significant pool of adult OPCs (Tongatta and Miller 2016). OPCs represent as
highly proliferative and migratory bipolar cell population, evenly distributed in WM
and grey matter, although less abundant in grey matter (Dawson et al. 2003). In the
developing CNS, an appreciable number of WMOPCs differentiate into myelinating
OLs as compared to OPCs in the grey matter which persist as NG2+ progenitors
(Dimou et al. 2008; Kang et al. 2010). The NG2+ progenitors express chondroitin
sulphate proteoglycans, are highly dynamic and proliferative in adult CNS and
maintain their population by self-renewal, differentiation and self-repulsion
(Dimou et al. 2008; Kang et al. 2010; Hughes et al. 2013). The OPCs, which remain
undifferentiated, are stored as potential backup progenitor pool and comprise major-
ity of the proliferating cells in the adult CNS (Dawson et al. 2003). The proliferation
and survival of OPCs are mediated by platelet-derived growth factor-α (PDGF-α)
produced by astrocytes and neurons, via receptor for PDGF-α (PDGFR-α) expressed
by OPCs; thus, PDGFR-α act as the best characterized marker for them (Noble et al.
1988; Calver et al. 1998). OPCs lose their bipolarity, differentiate into pre-OLs by
expressing myelin-specific 20-30-cyclic-nucleotide 30-phosphodiesterase (CNPase)
and the cell surface (O4 and O1) markers (Sommer and Schachner 1981; Braun
et al. 1988) and start contacting the target axon to myelinate. Further differentiation
into the mature oligodendrocytes is associated with the production of myelin and
expression of myelin proteins, myelin basic protein (MBP), proteolipid protein
(PLP), myelin-associated glycoprotein (MAG), galactocerebroside (GalC) and
myelin-oligodendrocyte glycoprotein (MOG) (Kuhn et al. 2019). A number of
intracellular and extracellular signalling molecules are involved in maintaining the
balance between OPC proliferation and differentiation (Hughes et al. 2013).
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1.1 Myelination

Myelin is a multilamellar lipid structure that wraps around the axons, enables
efficient saltatory conduction of nerve impulses and reduces axonal energy con-
sumption (Huxley and Stampfli 1949). In addition to myelination and facilitating
propagation and speed of nerve conduction, OLs also provide metabolic support to
neurons to enhance their viability, regulate ion and water homeostasis and thus play
a crucial role in learning and memory via WM plasticity and activity-dependent
adaptive responses in myelin-forming cells that affect the formation of neural
circuitry (Funfschilling et al. 2012; Lee et al. 2012; Philips and Rothstein 2017;
Monje 2018; Stadelmann et al. 2019).

Pre-oligodendrocytes, the mitotically active OPCs, are the most prominent cell
population during 18–28 weeks of human gestation. These cells subsequently
become post-mitotic and switch to immature oligodendrocytes, start contacting
axons and initiate myelination during 28–40 weeks of gestation (Craig et al. 2003;
Dean et al. 2011). Thus, the gestation period between 23 and 32 weeks is considered
to be the critical period of oligodendroglial maturation because it is when the OLs are
highly vulnerable to infections, hypoxic-ischaemic injury and other insults (Hagberg
et al. 2002; Semple et al. 2013). WM is especially more susceptible than grey matter
in the pre-term and term infants and also in children, with infections and hypoxic-
ischaemic injury or both in conjunction as the most common cause of WM lesions
(Hagberg et al. 2002). The myelination in rodents occurs between postnatal days
(PND) 10 and 14 and peaks around PND20, when most of the mature OLs
expressing specific markers required for myelination and paranodal loop formation
are frequently seen (Wiggins et al. 1986; Cahoy et al. 2008). The myelination in
mice is completed in first two postnatal months, and the myelination of specific brain
areas well correlates with the development of the cognitive functions and clearly
depends on the brain area, time course of life, type of neurons, axonal diameter and
environmental milieu (Tomassy et al. 2016). Moreover, the myelinated axons also
differ in the number, distribution, internodal length and thickness of myelin sheath
that defines the precise conduction times and nervous system plasticity (Fields 2015;
Klingseisen and Lyons 2018). Development and differentiation of OPCs into
myelinating oligodendrocytes can occur independent of axons (Almeida and
Lyons 2016) as reported by in vitro studies where OLs can differentiate, mature
and efficiently extend processes independent of neurons, suggesting their default
potential for differentiation, and launch a programme of myelin gene expression
(Simons et al. 2000; Klingseisen and Lyons 2018).

Myelination during development occurs in a conserved and region-specific pat-
tern and follows a complex spatiotemporal sequence depending on the position of
the system in the functional hierarchy, initiated in areas dedicated to basic homeo-
stasis, progressing to areas involved in more complex tasks and finally in the areas
required for higher-order functions (Yakovlev and Lecours 1967; Brody et al. 1987;
Kinney et al. 1988). Moreover, the peripheral nervous system, brainstem and spinal
cord are myelinated earlier than the brain, generally advancing from inferior to
superior and caudal to rostral (Inder and Huppi 2000). Regions of the occipital
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lobe are myelinated first and then the temporal and followed by the frontal lobe
(Brody et al. 1987; Tasker 2006; Volpe 2000). More so, myelination is faster and
finished early in regions that are myelinated first. Early researchers believed that
myelination is complete by 3–5 years in humans along with many of the major tracts
well myelinated by early childhood (Dietrich et al. 1988; Nakagawa et al. 1998). But
more recently it has been reported that axons continue to be myelinated by the
second to third decades of the human life, contributing to a net linear increase in the
total WM volume by 12% between the ages of 4 and 22 years (Giedd et al. 1999).
Thus, the pattern of myelination in the nervous system is a complex process and
requires a continuous signalling between the axons and the OLs to select the axons
and part of axons that are to be myelinated. The factors mediating such signalling are
not well elucidated. In fact, the OLs in culture can myelinate paraformaldehyde-
fixed axons (Rosenberg et al. 2008) and even inert axon-shaped fibres (Mei et al.
2016). Moreover, the sheath-like structure covering the inert axon-shaped fibres
resembled that of compact myelin, but the inert fibres only with a diameter of 0.4 μm
and more were myelinated in vitro, similar to an in vitro observation (Remahl and
Hideberg 1982; Lee et al. 2012; Bechler et al. 2015). Using the inert axon-like fibre
model, Bechler and group (2015) further reported that when oligodendrocytes were
cultured on inert fibres of mixed diameter from 0.4 to 4.0 μm, the myelin sheath was
more and even longer around larger diameter fibres, again similar to an in vivo
observation made more than a century back by Donaldson and Hoke in 1905. These
studies suggested that the length of the myelin sheath may be regulated by the axon
and its diameter (Donaldson and Hoke 1905). However, the mechanisms by which
the axons differentiate into the fibres of varying diameters and regulate the myelin
length and thickness just by contact remain a matter of speculation. Moreover, the
dendrites are never myelinated, indicating that diameter alone may not be responsi-
ble for the selection of axons by oligodendrocytes for myelination. The complete
myelination requires electrically active neurons and healthy axons. It is now clear
that extrinsic signals are required for the precise selection of axons for myelination as
the oligodendrocytes show the bias only for axons, avoid inappropriate targets and
show preference for more active axons (Wake et al. 2015; Koudelka et al. 2016).
Once the internodal myelin sheath is formed, it grows both radially and longitudi-
nally to a specific thickness and length that provide specific conduction property to
the axon (Ford et al. 2015). The role of neuregulin-ErbB signalling is primarily
important for the myelination and identification of axon calibre in the peripheral
nervous system by Schwann cells (Birchmeier and Nave 2008), while its role is
insignificant in the CNS myelination (Brinkmann et al. 2008). Moreover, Schwann
cells are not able to myelinate the inert fibres (Bechler et al. 2015). Although the role
of electrical signalling, glutamate release and neuregulin signalling or interactions
with extracellular matrix molecules have been reported to modulate myelination in a
limited way (reviewed by Stadelmann et al. 2019), further research is required to
explore in more detail the factors that would correlate the signals with the axon
calibre to determine myelination.

Myelination is developmentally prolonged in humans than in non-human
primates. In chimpanzees, density of myelinated axons reaches to the maximum
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level by adolescence in most cortical areas. However, in the human cerebral cortex,
only a few numbers of axons are myelinated by birth; the myelination is slower
during childhood and extended beyond adolescence to early adulthood. Moreover,
the primary cortical areas are myelinated earlier than the association cortical areas
followed by the late maturing brain areas such as pre-frontal cortex in the last
(Yakovlev and Lecours 1967; Knickmeyer et al. 2010; Shaw et al. 2008; Miller
et al. 2012). Most of the association areas continue to be myelinated in the third
decade of life (Lebel et al. 2012; Williamson and Lyons 2018). The dynamic
maturation of association and projection pathways involved in maintaining cortical
and brainstem integration occurs during adolescence and is accompanied by the
maturation of critical cognitive functions (Asato et al. 2010; Kumar et al. 2013).
Thus, the gradual maturation of WM from childhood to early adulthood is fast and
dynamic with remarkable increase in fibre density and the myelination (Lebel et al.
2019). WM structure becomes more or less static by mid-adulthood and subse-
quently shows degenerative changes during the latter part of life (Lebel et al. 2012).

The development of an individual is associated with the maturation of WM
pathways that connect distant and proximal brain regions and are essential elements
of higher-order cognitive processing (Fields 2010; Buyanova and Arsalidau 2021).
About more than 50% of the adult brain volume represents WM and is crucial for
sensory (Chang et al. 2016), motor (Hollund et al. 2017) and higher-order executive
functions (Ohlhauser et al. 2018). Communication of neural signals is essentially
required for humans to move, think, feel and respond. WM consists of neuronal
fibres with varying degrees of myelination that allow the transfer of signals across
different brain regions at different rates. Moreover, most glia are generated during
either late embryogenesis or postnatal life, suggesting that development continues
beyond birth and even adolescence. With glia being the dynamic cells, the continued
active neuron-glia interactions actively chisel and remodel the nervous system
throughout life.

1.2 Structure and Composition of Myelin

Myelin is a large spade-like extension of the plasma membrane of the myelinating
glia that wraps around the axons to form a multi-layered stack visualized as a
periodic structure of alternating major dense and intraperiod lines at the tightly
apposed and compacted cytoplasmic and outer membrane surfaces, respectively,
resulting in the periodicity of ~12 nm (Aggarwal et al. 2011; Nave and Werner
2014). The compacted myelin is devoid of cytoplasmic components except at the
edges, where it forms a continuous network of clustered cytoplasmic channels and
forms complex axo-glial junctions between the terminal ends of the myelin sheath,
~4 μm long, called as paranodal loops and 10–15-μm-long inner tongue that runs
along the axon under the myelin sheath called as juxtaparanode (Hildebrand et al.
1993; Nave 2010; Stadelmann et al. 2019). In between the paranodes of the two
adjacent myelin sheaths is the nodal region which is covered by paranodal astrocytic
processes. The axon is usually constricted in the nodal region and is strikingly visible
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in larger fibres (Hildebrand 1971). The paranodal axon-glial junctions provide
electrical insulation by restricting current flow beneath the myelin sheath and help
to segregate the voltage-gated sodium channels at the nodes from the potassium
channels at the juxtaparanodes (Rasband et al. 2001).

Three integral myelin proteins, myelin basic protein (MBP), 20-30cyclic
nucleotide-3 phosphodiesterase (CNP) and proteolipid protein (PLP), play signifi-
cant roles in the myelin architecture. MBP is essential for the compaction of two
cytoplasmic interfaces of myelin lamellae and formation of major dense line (Wolf
et al. 2021). PLP, a transmembrane protein in CNS myelin, contributes to the tight
apposition of the extracellular surfaces to each other forming a double intraperiod
line and also mediates the closure of cytoplasmic channels (Snaidero and Simons
2014). CNP helps in maintaining the functional cytoplasmic-rich compartment in
myelin and mediates the interactions with the actin cytoskeleton to keep the channels
open (Snaidero et al. 2017). Other important CNS myelin proteins include myelin-
associated glycoprotein (MAG) involved in axo-myelin interactions; myelin oligo-
dendrocyte glycoprotein (MOG) located on the surface of the compacted myelin,
involved in adhesion and interactions between adjacent sheaths within axon fascicles
to provide structural integrity to myelin sheath; and myelin oligodendrocyte basic
protein (MOBP) located in the major dense lines, which play a role in the compac-
tion and stabilization of myelin (Montague et al. 2006; Pronker et al. 2016). Claudin-
11 is essential for the formation of radial component of CNS myelin, which is a
network of interlamellar tight junctions involved in mediating adhesion between
myelin membranes and potentiates the insulative properties of myelin (Devaux and
Gow 2008; Denninger et al. 2015).

About 70–75% of the dry weight of myelin is lipid, rich in saturated long-chain
fatty acids that affect membrane thickness and the packing density of lipids in the
myelin. Major myelin lipids are cholesterol, phospholipids, galactolipids and
plasmalogens in the ratio of 2:2:1:1, respectively (Norton and Poduslo 1973; Schmitt
et al. 2015). Cholesterol is an essential component of CNS myelin membranes and
accounts for about 80% of the total brain cholesterol (Dietschy 2009). In the brain,
cholesterol is not imported from the blood circulation; rather, it is synthesized by the
cells of the brain and switches from neurons during embryogenesis to
oligodendrocytes during postnatal life to astrocytes during adulthood (Morell and
Jurevics 1996; Saher et al. 2015). The bulk of the cholesterol incorporated into the
myelin is synthesized by oligodendrocytes. Thus, cholesterol is the only integral
myelin component, and its availability in oligodendrocytes is a rate-limiting factor
for brain maturation as shown in mutant mouse or zebrafish lacking enzymes
essential for cholesterol synthesis (Saher 2005, 2015). Saher and associates (2015)
also emphasized that cholesterol is involved in many aspects of myelin biogenesis
and an interference with cholesterol homeostasis in the brain would affect the
synthesis and maintenance of myelin. Myelination is also affected either directly
or indirectly in disorders that interfere with synthesis or intracellular trafficking of
cholesterol.

By using live in vivo imaging in zebrafish using electron microscopy, Snaidero
and his associates, in 2014, explained the mechanism of myelin layer wrap around
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the axons. They showed that the newly generated myelin layers settle by constant
coiling of the innermost tongue of the myelin sheath over the axon along with the
lateral spread of myelin along the axon. The dynamic changes in actin assembly
facilitate the development of myelinic channels in uncompacted myelin that help in
the transportation of metabolites from oligodendrocyte cytoplasm to the myelin and
also to the neurons (Zuchero et al. 2015; Snaidero et al. 2017). Compromised
metabolic support from oligodendrocytes to neurons causes the degeneration of
certain neuronal subpopulations and neurodegenerative disorders. This suggests
the importance of oligodendrocytes as metabolic supporters of neurons and neuronal
homeostasis (Philips and Rothstein 2017).

Recent research suggests that myelination occurs in two phases: (a) genetically
pre-defined intrinsic phase, occurring around birth to early childhood that proceeds
in a precise spatiotemporal order, and (b) adaptive myelination driven as per the need
of the neural network, which can be modified by experience leading to myelination
variability in different individuals (Fields 2008; Chang et al. 2016; Mount and
Monje 2017; Bechler et al. 2018). Adaptive myelination occurs more prominently
in brain areas involved in complex behaviour, where the continuous myelination
helps to fine-tune neuronal network function by synchronizing the firing pattern
(De Hoz and Simons 2015; Filley and Fields 2016) and shape the myelination as per
the requirement of the neuron and its network. Human MRI studies pointing to
experience-based changes in WM and ultra-microscopic analysis of changes in
myelin structure upon learning new tasks in animal models clearly indicate that
myelination is influenced by experience (Oztürk et al. 2002; Bengtsson et al. 2005;
Steele et al. 2013; McKenzie et al. 2014; Xiao et al. 2016). Thus, myelin deposition
is a dynamic and plastic process showing adaptive changes in response to neuronal
activity (Chang et al. 2016; Xiao et al. 2016; Gibson et al. 2014; Fields 2015).
Neuregulin-ErbB signalling regulates the switch between intrinsic and adaptive
myelination (Lundgaard et al. 2013). The oligodendrocytes are intrinsically capable
of generating myelin, but the neuronal activity finally helps in adjusting the myelin
thickness, suggesting that the role of electrical activity helps in myelin remodelling
(Gibson et al. 2014). In addition, oligodendrocytes in different CNS regions have
intrinsic differences (Crawford et al. 2016; Dimou and Simons 2017) with spinal
cord oligodendrocytes forming longer sheath than cortical oligodendrocytes
(Bechler et al. 2015).

Astrocytes also participate in the process of myelination by secreting soluble
growth factors. Astrocyte-derived PDGF-α and leukaemia inhibitory factor (LIF)-
like proteins are essential for the survival and differentiation of OPCs (Noble et al.
1988; McKinnon et al. 2005; Gard et al. 1995). In addition, astrocytes also transport
lipids to oligodendrocytes for the generation of large myelin sheaths (Abrams 2017),
and failure to this leads to persistent myelin deficits (Camargo et al. 2017).
Astrocytes couple with oligodendrocytes through gap junctions formed by
connexins and also with nodes of Ranvier and thus provide metabolic support to
axons (Abrams 2017). Neonatal microglia promote myelination via insulin-like
growth factor (Wlodarczyk et al. 2017).
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Research information gathered during the last two decades suggests that in both
humans and mice, the myelination is an ongoing process and continues throughout
adult life either by generating new myelinating oligodendrocytes from their
precursors (OPCs) or by remodelling of prevailing myelin to renew growth long
after its initial formation for enhanced cell function (Young et al. 2013, 2014;
Snaidero et al. 2014; Jeffries et al. 2016). Substantial changes in WM have been
considered as a key regulatory factor for higher-order brain functions. This was well
demonstrated in a mice model of social isolation stress imposed during critical
period of postnatal development and myelination or beyond adulthood, which
resulted in defects in myelination and associated behaviour (Makinoden et al.
2012; Liu et al. 2012), while motor learning in animal models was seen to promote
the differentiation of adult OPCs and myelination (McKenzie et al. 2014). The
proliferation of OPCs/NG2+ glia is also intensified in conditions of demyelination,
traumatic injury to CNS and chronic neurodegenerative diseases (Magnus et al.
2008; Kang et al. 2010). The WM volume also decreases gradually with normal
ageing (Sowell et al. 2003), and the frequent observations are changes in myelinated
nerve fibre morphology and degenerative changes in myelin sheaths (Peters 2002).
The ageing WM is extremely vulnerable to degeneration and loss of myelin. In
ageing humans, the loss of myelin integrity correlates well with the decline of
cognitive functions (Bastin et al. 2010). Although the WM degeneration is not
uniform throughout the CNS with the association tracts more susceptible to myelin
loss than the projection tracts, the myelin deficits in the corpus callosum are
commonly seen in all men and women at old age and might be a crucial factor for
age-associated impairment in cognition and working memory (Sullivan et al. 2001;
Kohama et al. 2012; Hedden et al. 2016). Other factors like nutritional deficiencies,
early life infections and stress have also been found to cause myelin deficits. In an
intra-generational protein deprivation rat model, we have also reported drastic
changes in oligodendrogenesis in terms of reduction in oligodendrocyte progenitor
pool, reduced expression of myelin genes leading to hypo-myelination, disorganized
myelin fibre alignments, reduced corpus callosum calibre and associated behavioural
deficits persisting through pre-adolescence to late adulthood (Patro et al. 2019).
Early life exposure to LPS-induced bacterial infection also results in demyelinating
changes during adulthood and senility by altering the expression of myelin proteins
resulting in motor coordination deficits (Singh et al. 2017).

Defects in Myelination and Neuropathologies
Developmental myelination and remyelination in adult CNS are high energy-
demanding tasks as the synthesis of myelin sheath requires vast quantities of lipids
and proteins (Baron and Hoekstra 2010). To meet this demand, oligodendrocytes
consume a large amount of metabolites, like glucose and lactate, which are supplied
from the diet or from the stored protein, fat and glycogen source, which needs to be
continuously refuelled. This high energy demand imposed on oligodendrocytes
makes them susceptible to oxidative stress, cytotoxic by-products and excitotoxic
factors leading to their altered functions (Juurlink et al. 1998; Matute et al. 1997,
2007). Oligodendrocyte pathology is clearly seen in many disorders like
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Alzheimer’s disease, multiple sclerosis (MS), schizophrenia, traumatic injuries and
ischaemia, some leukodystrophies or autoimmune attacks and demyelinating
disorders (Fancy et al. 2011; Traka et al. 2016; Torii et al. 2014; Duncan and
Radcliff 2016; McAleese et al. 2017). In addition, the ageing is also associated
with WM atrophy, gradual impairment in motor learning and reduced remyelination
ability (Sim et al. 2002; Ruckh et al. 2012).

Myelin has recently been reported to provide metabolic support to neurons crucial
for axonal integrity and neuronal activity, indicating its persistent role in neural
circuit formation and functions throughout life (Saab et al. 2016). This emphasizes
that disruption of myelin and myelin-forming oligodendrocytes in CNS may have
significant neurological manifestations and may lead to neurodevelopmental, neuro-
degenerative and neuropsychiatric pathologies, viz. leukodystrophies, schizophre-
nia, multiple sclerosis, amyotrophic lateral sclerosis and others (Compston and Coles
2008; Franklin et al. 2012; Pouwels et al. 2014; Jin et al. 2015; Miyata et al. 2015).
Multiple factors have been reported to variously affect the process of myelination,
notably its proportion and timing. Intra-generational protein malnutrition negatively
affects overall development of the brain, oligodendrocyte development and matura-
tion, impaired myelination and motor deficits at adolescence and later (Patro et al.
2019). Other nutritional deficiencies, viz. acquired or genetic B12 or folate
deficiencies, also lead to delayed myelination or even white matter disturbances,
cortical insults and peripheral neuropathy (Prado and Dewey 2014; Kobayashi et al.
2016). Thyroid hormone is required for the terminal differentiation of OPCs into
myelinating cells, and thus hypothyroidism also leads to delayed myelination
(Barres et al. 1994; Lee and Petratos 2016). In addition, early life exposure to viral
(our data under publication) and bacterial infections also leads to demyelinating
lesions in the adult brain leading to poor motor coordination (Singh et al. 2017).

Myelin diseases are generally grouped into three types, demyelinating,
dysmyelinating and hypomyelinating disorders, caused by loss of myelin, abnormal
myelin production or compromised myelin production, respectively. In demyelinat-
ing disorders, the myelin loss may occur either due to direct damage to myelin sheath
or indirectly by disruption or death of OLs consequent upon inflammation or toxic
insults and also by axonal injury through Wallerian degeneration. The
dysmyelinated diseases primarily occur due to genetic defects involving intrinsic
abnormalities in the production and maintenance of myelin and appear early in life
during childhood or adolescence. In the hypomyelinating conditions, the axons are
either unmyelinated or myelinated with thin myelin sheaths, mainly due to the
genetic defects or epigenetic adversities. The myelin pathologies have also been
categorized into inherited and acquired based on their origin whether genetic,
inflammatory or toxic (Duncan and Radcliff 2016). Antibody-mediated diseases,
primary axonal pathologies and structural protein defects are preferentially
associated with myelin damage, while viral infection and genetic and metabolic
deficiencies negatively influence OL survival.
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Primary Demyelinating Diseases

Multiple Sclerosis
Multiple sclerosis (MS) is the most common and well-researched acquired demye-
linating human disease affecting CNS myelin. It affects individuals of all age groups
but most prevalent in young adults (Reich et al. 2018) and forms the foremost cause
of nontraumatic neurological disability in the young and middle-aged population.
The occurrence is 2.3 times more prevalent in females, and the susceptibility is
strongly related to the human leukocyte antigen (HLA) locus, and homozygosity at
the HLA-DRB1*15 gene locus increases the incidence to develop the disease
(Stadelmann et al. 2019). Moreover, the polymorphism in genes regulating both
the innate and adaptive immunity, regulatory and cytotoxic T-cell and microglia
functions present higher risk of disease (Sawcer et al. 2011).

MS is mediated by autoreactive immune cells, myelin-specific CD8+ T cells,
targeting the myelin and the OLs, initiating myelin damage and axonal injury and
leading to sensory-motor and/or visual impairments (Noseworthy et al. 2000; Trapp
and Nave 2008; Filippi et al. 2018). Clinically, the disease may be classified into
relapsing-remitting MS, primary progressive MS and secondary progressive MS.
The hallmarks of MS are demyelinating lesions in the CNS, characterized by
immune cell infiltration across the blood-brain barrier (BBB), triggering an inflam-
matory response, myelin damage, activation of astrocytes and microglia and axonal
injury (Matveeva et al. 2018). With disease progression, more striking grey and
white matter lesions are seen with the persistent gliosis throughout the course of the
disease (Dendrou et al. 2015). Moreover, in the MS patients, the components of the
myelin sheath, like MBP, MOG and PLP, have been identified as autoantigens
mainly by the CD4+ T cells (Androutsou et al. 2018).

Following focal demyelination, the consequences of the autoimmune attack are
progressive, leaving the axons exposed to toxic environment, inefficient and vulner-
able to degeneration, ultimately leading to axonal loss and neuronal death, a patho-
logical hallmark of MS (De Stefano et al. 1998; Bradl and Lassmann 2010; Duncan
and Radcliff 2016). Metabolic dysfunction is commonly associated with the patho-
genesis of MS along with impaired mitochondrial functioning, oxidative stress
resulting in axonal energy failure and subsequent neurodegeneration (Adiele and
Adiele 2017). Impaired energy metabolism also leads to oligodendrogliopathy by
either lack of blood supply to lesions or the production of toxic metabolites
(Lassmann 2003).

Remyelination is triggered during the early phase of the disease by the generation
of new mature OLs, which help in restoring the myelin to sheath the denervated
axons and recover the saltatory conduction, axonal integrity and functional deficits
(Kierstead and Blakemore 1999; Franklin and French-Constant 2008). Recently,
Duncan and associates (2018) have indicated that mature OLs can also help in
remyelination. However, in later progressive phase of MS, remyelination is not
sufficient to recondition the severe demyelination, leading to remyelination failure
and exacerbating to chronic relapsing progressive MS (Franklin 2002; Goldenberg
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2012; Gruchot 2019). There are two potential sources of myelinating OPCs that
participate in the remyelination of MS axons: the parenchymal OPCs and the
endogenous NSCs. Parenchymal OPCs are more sensitive to endogenous growth
factors produced by resident CNS cells than the mature OLs. The proliferation,
differentiation and maturation of the OPCs to mature OLs are strongly influenced by
the extracellular milieu and crucial to regain homeostasis and replace the lost OLs
(Duncan et al. 2021). But the absence of the appropriate signalling factors in the MS
environment inhibits the differentiation of OPCs to mature OLs and prevents
successful remyelination (Franklin 2002; Gruchot 2019). Moreover, poor clearance
and accumulation of the myelin debris at the MS lesion sites may also impair the
differentiation of oligodendroglial lineage cells (Kotter et al. 2006; Baer et al. 2009).

Multiple molecular pathways have been identified that block the differentiation of
OPCs into mature OLs. These pathways are potentially targeted to explore therapeu-
tic interventions to promote repair. Some of these pathways include the
dysregulation of Wnt pathway (Fancy et al. 2009), signalling through glycosamino-
glycan hyaluronan that accumulates at the site of MS lesions (Back et al. 2005;
Sloane et al. 2010) and axonally derived neuregulin (Vartanian et al. 1999) that
prevents the differentiation of OL precursors and contributes to the remyelination
failure. Chronic metabolic stress in MS lesions also contributes to remyelination
failure because of OPC dysfunction and dying back of the OL terminal processes
leading to the destabilization of myelin/axon interactions (Rone et al. 2016).
Together, these findings suggest that the impaired differentiation of OPCs is the
major cause of remyelination failure in MS, not the deficiency of OPCs (Kuhlmann
et al. 2008).

There are many diseases that are associated with MS and are listed under
demyelinating disorders: (a) neuromyelitis optica (Devic’s disease), a variant of
MS or a separate demyelinating disease which primarily attacks the optic nerve
and spinal cord; (b) Balo’s disease (concentric sclerosis), a rare demyelinating
disorder in which the CNS myelin is damaged; (c) Schilder’s disease (diffuse
sclerosis), an acute rapidly progressive, degenerative, demyelinating disease of the
CNS, seen in childhood; and (d) Marburg’s disease, a variant of MS, characterized as
acute, fatal, fulminant or malignant MS showing acute demyelination.

Several murine models mimicking MS have been developed, viz. (1) inflamma-
tion-dependent, experimental autoimmune encephalitis (EAE) and viral encephalo-
myelitis and (2) inflammation-independent, chemical and toxin-induced
demyelination using EtBr, lysolecithin, cuprizone, etc. These models have been
useful in replicating various clinical, immunological and microscopic aspects of
the human MS and helped to understand the role of immune components in CNS
myelination and repair as well as the complex nature of the CNS environment to
enable to develop novel therapeutic modalities (Miller et al. 2001; Bergmann et al.
2006; Mecha et al. 2013; Borjini et al. 2016).
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Secondary Demyelinating Diseases

Acute Disseminated Encephalomyelitis (ADEM)
ADEM is an acute inflammatory demyelinating disease of the CNS, caused mainly
due to the exposure of antigens through upper respiratory and gastrointestinal
infections or after immunizations (Scolding 2014). Clinicopathological features of
ADEM show multiple demyelinating lesions confined to the perivenular tissue in
specific brain regions, with minimal signs of progressive neurodegeneration that are
typical of MS, suggesting different pathogenic mechanisms of the two diseases. The
perivascular inflammatory infiltrate consists of T cells, foamy macrophages,
granulocytes and eosinophils (Hart and Earle 1975; Young et al. 2010).

Although the mechanism of ADEM pathogenesis is not clear, antibody reactivity
against myelin proteins has been found to be critical. Antigens such as MBP, PLP
and MOG are the targets of the reactive T cells, as was revealed from a study
reporting the presence of IgG antibodies reacting to various myelin proteins in the
CSF of patients (Cole et al. 2019). IgG antibodies against MOG are frequently found
in the serum of patients with inflammatory demyelination and paediatric ADEM
(Mader et al. 2011; Hoftberger and Lassmann 2017), and thus MOG detection serves
as a reliable diagnostic marker of these diseases. MOG antibodies initiate demyelin-
ation and cell death by activating the complement cascade and contribute to the
disease pathogenesis. Perivascular demyelinating lesions are usually surrounded by
macrophages containing residual myelin proteins and infiltrates of T and B cells,
granulocytes, plasma cells and activated astrocytes and microglia (Scolding 2014;
Popescu and Lucchinetti 2011). Axons are mainly spared, but finally show features
of injury during acute demyelination in ADEM, and the exudate from the wall of the
blood vessels leads to necrosis of the neighbouring tissue showing the conjoining
features of ADEM and acute haemorrhagic leukoencephalopathies (Hoftberger and
Lassmann 2017). Most patients respond to treatment and recover, but others survive
with mild to moderate neurological deficits (Cole et al. 2019).

Neuromyelitis Optica (NMO)/Neuromyelitis Optica Spectrum Disorder
(NMOSD)
NMO also known NMOSD or Devic’s syndrome is a severe inflammatory demye-
linating disease of unknown aetiology that predominantly affects the optic nerves
and spinal cord, causing blindness and motor paralysis (Lennon et al. 2004;
Weinshenker and Wingerchuk 2017). The disease is basically allocated to AQP4
serum antibodies (NMO-IgG) that target primarily the astrocytes, progressing to
oligodendrocyte and myelin damage as well as substantial axonal loss (Misu et al.
2007; Parratt and Prineas 2010; Wingerchuk et al. 2015). The disease pathogenesis
involves the potential of anti-AQP4 antibodies causing the local activation of the
complement system leading to astrocyte death and early loss of oligodendrocytes
and OPCs, subsequently leading to loss of myelin and formation of NMO typical
lesions, distinct from MS (Parratt and Prineas 2010; Wrzos et al. 2014; Tradtrantip
et al. 2017). The near-complete absence of astrocytes and oligodendrocytes in the
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NMO lesions fails to support the oligodendrocyte regeneration and myelin repair
(Parratt and Prineas 2010). Axons are preserved in early NMO lesions, but in the
chronic disease stage, axon loss and spinal cord atrophy are usually intense (Wrzos
et al. 2014; Herwerth et al. 2016).

Leukodystrophies

Demyelination Due to Mutations and Defects
in Oligodendrocyte- and Myelin-Related Genes
Genetic mutations in OL-specific genes, viz. the genes encoding structural myelin
proteins, enzymes involved in various metabolic pathways and proteins involved in
myelin development and maintenance, are associated with hypomyelination, dys�/
demyelination or myelin swelling (van der Knapp and Bugiani 2017).

The Pelizaeus-Merzbacher disease (PMD) and X-linked severe spastic paraple-
gia (SPG2) are inherited myelin disorders caused by mutation in PLP1 gene that
encodes for the structural myelin membrane protein, PLP, and its alternatively
spliced form DM20. About 60–70% of the PMD patients show duplication of
PLP1 gene, while the rest of the PMD cases reveal missense or point mutations,
insertions and deletions (Torii et al. 2014). As PLP is essentially required for the
apposition of the myelin sheaths, any defects in its expression may be deleterious for
the CNS functioning. PLP duplication generally causes classical PMD with patients
showing hypomyelination in the cerebral and cerebellar WM, while the grey matter
is comparatively preserved (Harding et al. 1995). Mature OLs are completely absent,
because of massive apoptosis due to the altered myelin membrane composition,
abnormal level and accumulation of PLP and associated lipids and toxic gain in
function in OLs (Simons et al. 2002; Karim et al. 2007; Sima et al. 2009; Torii et al.
2014). PLP null mutations also result in hypomyelination, but the myelin loss is
much less than the PLP duplication in PMD patients. Although the WM appears to
be well myelinated, axonal swelling and Wallerian degeneration are frequently
present (Garbern et al. 2002; Sima et al. 2009). This suggests that axonal survival
is crucially dependent on proper myelin function (Nave and Werner 2014). More-
over, several point mutations in PLP1 gene have also been reported to cause
demyelination and oligodendrocyte loss ranging from mild to severe connatal
forms (Calloux et al. 2000; Hübner et al. 2005).

The Pelizaeus-Merzbacher-like disease (PMLD) is a recessive inherited demye-
linating disease caused by mutations in GJC2 gene encoding the OL-specific
connexin, Cx47, involved in gap junctional communication for myelin development
and maintenance (Menichella et al. 2003; Abrams and Orthmann-Murphy 2013).
Demyelination in PMLD patients occurs due to the loss of function of gap junctional
communication in mature oligodendrocytes, oligodendrocyte apoptosis and defec-
tive myelin development and maintenance.

Mutations in genes related to lipid metabolism are also associated with many
leukodystrophies. Metachromatic leukodystrophy (MLD) is an autosomal recessive
leukodystrophy caused by mutation in ARSA gene encoding for the lysosomal
protein arylsulphatase A (ASA) or mutation in PSAP gene encoding prosaporin,
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an activator of ASA (Cesani et al. 2016). ASA plays a crucial role in the metabolism
of sulphatides, a major myelin lipid, and the defects in its metabolism lead to its
impaired degradation and intra-lysosomal accumulation in the nervous system and
other visceral organs (Eckhardt 2008). Lipid accumulation directly causes the
demyelination leading to the death of OLs accompanied by myelin destruction and
severe axonal damage (Kohlschütter 2013). However, the pathophysiological
mechanisms linking the metabolic alterations and myelin abnormalities with axonal
dysfunction are still ambiguous.

Mutations in Microglial and Astrocytic Genes and Leukodystrophies
Microglia, the resident immune cells of the CNS, are now well documented to play a
role in myelin homeostasis and development as is clear from two hereditary diseases,
diffuse leukoencephalopathy with spheroids (HDLS) and the Nasu-Hakola disease
(NHD), caused by mutations in microglial genes. The affected genes [colony-
stimulating factor 1 receptor (CSF1R) in HDLS and TREM2 and DAP12 in NHD]
involved in both the diseases are key regulators of microglial activation and
neuroinflammatory pathways (Rademakers et al. 2012; Paloneva et al. 2000,
2001). Clinically both the diseases present similar features with demyelination and
axonal loss in defined brain areas, axonal swellings and spheroids, myelin
vacuolization in demyelinating areas, widespread astrogliosis and tau-positive
neurites in the cortex (Baba et al. 2006; Paloneva et al. 2001; Robinson et al.
2015). The mechanism linking the microglial dysfunction and demyelination is not
clearly resolved. However, there are reports that suggest that demyelination might
arise as a consequence of primary neuroaxonal damage and microglial dysfunction,
impaired OPC homeostasis and reduced microglial number affecting myelin clear-
ance and persistent demyelination (Stadelamnn et al. 2019).

Research in the last decade has revealed a highly specialized role of astrocytes in
the physiology and pathology of the nervous system ranging from protective to
destructive role (Pekny et al. 2016). Although there is only scanty information about
the role of astrocytes in OL health and myelin development, maintenance and
pathology, the demyelinating disorders caused by the astrocyte-specific genes
clearly indicate the intercellular interactions between these two cell types. Mutation
in GFAP gene, encoding an intermediate filament protein expressed in astrocytes,
causes an autosomal dominant disorder, Alexander disease. GFAP overexpression
might be involved in the pathogenesis of Alexander disease through gain-of-toxic
function of GFAP and astrocyte dysfunction (Messing et al. 1998). The mechanism
linking the astrocyte dysfunction with demyelination might include (a) the increased
expression of CXCL10 in astrocytes that may directly affect OLs or exert immune
response triggering demyelination (Olabarria and Goldman 2017), (b) loss of gap
junctional communication and altered buffering capacity of astrocytes that may lead
to intramyelinic oedema (Sosunov et al. 2013) and (c) extracellular deposition of
hyaluronan, an astrocytic protein that deposits in extracellular space and might
inhibit OPC differentiation and maturation (Bugiani et al. 2013). More recent
research proposed that GFAP mutation defects may directly interfere in the cellular
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development and OPC differentiation from neural progenitor cells expressing GFAP
(Gomez-Pinedo et al. 2017).

Vanishing white matter disease (VWM), which is one of the most prevalent
leukodystrophies with a central role of astrocytes in its pathogenesis, mainly affects
the CNS. The disease is inherited in an autosomal recessive manner and is
characterized by childhood onset chronic neurological deterioration, signified by
cerebellar ataxia. It is caused by mutation in any of the genes encoding the five
subunits of the eukaryotic translation initiation factor 2B (eIF2B; Bugiani et al.
2011, 2018). Defective maturation and dysfunction of astrocytes due to abnormal
composition of its cytoskeletal protein GFAP and an upregulation in the heat shock
protein αB-crystallin along with the co-existence of increased density of
pre-myelinating OL progenitors might be involved in the loss of WM in VWM
(Bugiani et al. 2011). In their later publication, Bugiani and his group (2018) stressed
that the astrocytes play a central role in the pathogenesis of VWM with the
secondary effects on oligodendrocytes and axons; thus, VWM may be grouped
with astrocytopathies in which the loss of essential function and gain of detrimental
function by astrocytes could be driving the WM degeneration and VWM pathogen-
esis (van der Knapp and Bugiani 2017).

Viral Encephalopathies
The most common human demyelinating diseases with viral aetiology include
progressive multifocal leukoencephalopathy (PML), acquired immunodeficiency
syndrome (AIDS) caused by human immunodeficiency virus (HIV) and subacute
sclerosing panencephalitis (SSPE). The common mechanism of demyelination in
most viral CNS infections involves OL damage/loss and the breakdown of the
cellular machinery required for myelin synthesis.

PML is the most studied fatal demyelinating disease caused by JC virus (JCV)
infection, a double-stranded DNA polyomavirus, commonly seen to affect the CNS
of individuals on immune-modulatory therapies (Major 2010). JCV induces demye-
lination by infection, followed by lysis of the OLs, which subsequently infects the
surrounding OLs and results in focal demyelination. The infected OLs contain
inclusion bodies with viral particles in the nuclei and show nuclear swelling and
loss of chromatin leading to their demise (Richardson 1961). The neurons and
astrocytes are also infected to some extent (Wollebo et al. 2015). The infected
astrocytes appear hypertrophied with irregular and lobulated nuclei and give bizarre
appearance, and their presence in areas without apparent demyelinating lesions
might be involved in viral propagation (Seth et al. 2004). Demyelination finally
results in axonal dysfunction leaving the axons susceptible to toxic products released
by the surrounding glial cells causing the retrograde loss of neuronal cell body.
Microglia and macrophages are not infected by JCV but are seen in the centre of the
demyelinating lesions (Ferenczy et al. 2012).

The patients with AIDS show tendency to develop multiple CNS infections with
high incidence to develop PML. The pathogenesis of HIV-associated encephalomy-
elitis may involve an immune-mediated “bystander effect” with myelin destruction
via cytokines released by activated monocytes and lymphocytes (Corral et al. 2004).
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In HIV-PML patients, massive necrotic demyelinating lesions are seen with the
infiltration of HIV-infected macrophages and microglia (Wiley et al. 1988). Persis-
tent viral infection caused by defective measles virus causes another progressive
neurological disorder known as SSPE, a progressive fatal demyelinating disease.
The virus destroys the host cells, including oligodendrocytes, and initiate inflamma-
tory responses resulting in demyelination.

Vascular (Hypoxia/Ischaemia)
WM abnormalities in the elderly individuals usually result from ischaemia, second-
ary to the damage of the cerebral arteries. The degree of WM abnormality directly
correlates with the impaired motor and cognitive abilities. Other vascular WM
abnormalities include postanoxic encephalopathy developed after a severe anoxic
episode, reversible posterior leukoencephalopathy and Binswanger’s disease.

Metabolic/Nutritional
Alcoholism, malnutrition, disability and other debilitating conditions also lead to the
demyelination, commonly called as central pontine myelinolysis involving severe
damage to the myelin sheath of nerve cells in the pons. This condition is also known
to be associated with liver or kidney failure, diabetes mellitus, immunosuppressive
therapy and long-term usage of some other drugs. Demyelination is usually seen
without inflammatory response sparing the blood vessels, most neurons and axons.
Alcoholism and nutritional deficiencies are also known to cause sustained demye-
lination of the corpus callosum. Thiamine deficiency leads to severe memory
impairment and anterograde amnesia, a hallmark of the Wernicke encephalopathy.

Other Concerns for Demyelination
A variety of chemical substances are also known to damage myelin sheath or OLs or
both. Most of them are known as myelinotoxic or glia toxic chemicals and include
hexachlorophene (HCP), triethyltin (TET), lysolecithin, ethidium bromide, zymosan
and cuprizone. Most of them are used experimentally to create animal models, but
some of them are known to affect human beings through exposure (Duncan and
Radcliff 2016). There are other toxins and nutritional deficiencies that cause myelin
vacuolation disorders. Most of the toxin are used experimentally and include
cycloleucine, sodium cyanate, actinomycin D, isoniazid, 6-amino-recotinamide,
etc. In addition, myelin vacuolation is also noted in cases of vitamin B12 deficiency,
genetic deletion of Cx30 or Cx40, knockout of the enzyme UDP-galactose:ceramide
galactosyltransferase and duplication of laminin 1 gene in mouse.

Traumatic injury of the brain (TBI) or spinal cord can also lead to death of
oligodendrocytes and demyelination (Plemel et al. 2014; Mierzwa et al. 2015). In
both the cases, damage to the myelin may be caused by ischaemic effect on OLs
primarily due to excitotoxicity and glutamate elevation (Tsutsui and Stys 2013).
Radiation therapy commonly used to treat brain tumours can also cause demyelin-
ation by killing the OPCs (Panagiotakos et al. 2007). In addition, there are a variety
of other demyelinating diseases and WM disorders in which myelin is damaged and
are being increasingly identified because of the modern imaging techniques and the
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next-generation sequencing to identify the mutant gene; these are beyond the scope
of this chapter.

Remyelination Strategies
As detailed vide supra, the disruption of OLs or the myelin sheath following injury
and disease bears direct consequences on the function of neurons. In addition to
demyelination, long-term effects of OL death include axonal atrophy and neuronal
loss and form the major cause of many neurological disorders, including MS,
inherited leukodystrophies of the CNS and the neuropathies of peripheral nervous
system (PNS) (Nave 2010). Demyelination is a common factor in most of these
diseases, thus becoming a therapeutic target with enormous potential. However, the
endogenous myelin repair/remyelination will occur in a long time (Duncan et al.
2020). Moreover, in the remyelinated tissue, the myelin sheaths are shorter and
thinner with lower conduction amplitude than the developmental myelin sheath
(Gallo and Deneen 2014; Almeida 2018). Although the endogenous remyelination
does occur in both CNS and PNS, the process is much less impressive in CNS
(Franklin and French-Constant 2008). Moreover, remyelination being a time-
consuming process, acute demyelination can finally lead to cell death before the
remyelination happens. OPCs are the largest source of endogenous progenitors in
CNS. During remyelination, the OPCs become multipotent and proliferative,
migrate to the site of lesion, exit the cell cycle and differentiate into myelin
producing OLs (Silveira et al. 2021). Although the mature OLs in remyelination
have also been reported (Duncan et al. 2018; Macchi et al. 2020), their contribution
is still a matter of speculation and needs further clarification. Thus, OPCs provide the
majority of remyelination. Moreover, there are many barriers of endogenous
remyelination that limit the regeneration in the CNS. Thus, treatments and therapies
targeting OLs and remyelination may have widespread potential for application.
Most treatment strategies used are targeted to prevent progressive demyelination that
contributes to chronic disability, but a few can promote remyelination. Various
translational approaches have been devised using several animal species and models
for TBI/SCI and MS. These include (a) extrinsic and intrinsic factors that act as
either the inhibitors or stimulators of OPC differentiation (Gruchot et al. 2019);
(b) use of monoclonal antibodies targeted to enhance axonal regeneration and
suppress neuroinflammation and against the endogenous CNS myelin inhibitory
molecules; (c) a gene therapy RNA interference approach; and (d) cell replacement
strategies. However, the human trials are very limited with poor success rate so far.
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